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VopL is an effector protein from Vibrio parahaemoly-
ticus that nucleates actin filaments. VopL consists of
a VopLC-terminal domain (VCD) and an array of three
WASP homology 2 (WH2) motifs. Here, we report the
crystal structure of the VCD dimer bound to actin.
The VCD organizes three actin monomers in a spatial
arrangement close to that found in the canonical
actin filament. In this arrangement, WH2 motifs can
bemodeled into the binding site of each actinwithout
steric clashes. The data suggest a mechanism of
nucleation wherein VopL creates filament-like struc-
tures, organized by the VCD with monomers deliv-
ered by the WH2 array, that can template addition
of new subunits. Similarities with Arp2/3 complex
and formin proteins suggest that organization of
monomers into filament-like structures is a general
and central feature of actin nucleation.INTRODUCTION
Many important cellular processes, including cell motility, vesicle
trafficking, and cell division, depend upon precise spatial
and temporal control of actin polymerization (Campellone
and Welch, 2010; Dominguez, 2009; Pollard, 2007; Pollard and
Cooper, 2009). Actin can polymerize on its own but does so
slowly, primarily due to kinetic barriers that hinder spontaneous
nucleation (Pollard and Cooper, 1986; Sept and McCammon,
2001). Cellular actin nucleation factors accelerate filament for-
mation by catalyzing nucleation in response to upstream regula-
tory signals. Their actions afford precise spatial and temporal
control over actin filament dynamics in vivo (Padrick and Rosen,
2010; Pollard, 2007). The Arp2/3 complex, formin proteins, and
Wiskott-Aldrich syndrome protein (WASP) homology domain 2
(WH2)-based nucleators are ubiquitous eukaryotic actin nucle-
ation factors (Campellone and Welch, 2010). The structural
mechanisms bywhich these systemsmediate filament assembly
are incompletely understood.
The Arp2/3 complex is a seven protein assembly that contains
two actin-related proteins (Arp2 and Arp3), which are structurallysimilar to actin (Kelleher et al., 1995; Machesky et al., 1994). The
VCA region of proteins in the WASP family acts in concert with
existing actin filaments to activate the Arp2/3 complex; the net
result is nucleation of a new filament from the side of an existing
one (Pollard, 2007). During Arp2/3 activation, the WH2 regions
from two VCAs bind to and deliver actin monomers to Arp2
and Arp3 (Padrick et al., 2008, 2011; Ti et al., 2011). Crystal
structures of inactive Arp2/3 complex and EM analyses of the
active form have shown that nucleation also involves substantial
reorganization of the two Arp subunits to an arrangement that
resembles successive ‘‘short-pitch’’ monomers in an actin fila-
ment (Nolen and Pollard, 2007; Padrick et al., 2011; Robinson
et al., 2001; Rodal et al., 2005; Rouiller et al., 2008; Xu et al.,
2012). Nucleation thus appears to be based on an arrangement
of the Arp subunits and recruited actins that mirrors the ‘‘barbed
end’’ (or rapidly growing end) of the polarized actin filament,
which readily incorporates additional monomers.
Formin proteins also act by recruiting and organizing actin
monomers. These proteins nucleate filaments through a
conserved formin homology 2 (FH2) domain, which tracks proc-
essively with the growing barbed end of the nascent polymer
(Paul and Pollard, 2009). Crystal structures of formin-actin com-
plexes indicate that the FH2 domain arranges monomers in a
conformation that resembles a strained actin filament, leading
to models of both nucleation and processive elongation (Otomo
et al., 2005; Paul and Pollard, 2009; Thompson et al., 2013). In
some formins, the FH2 domain acts in concert with sequence
motifs proximal to or overlapping with an adjacent regulatory
element (the DAD motif). These sequences, which appear to
be related to the WH2 motif, can accelerate nucleation and are
thought to deliver actin to the FH2 domain (Chhabra et al.,
2009; Gould et al., 2011; Heimsath and Higgs, 2012).
The WH2-based nucleation factors are defined by arrays of
WH2 motifs. Well-studied examples include cordon-bleu
(cobl), leiomodin (lmod), and SPIRE (Qualmann and Kessels,
2009). Members of this class vary in the number of WH2 motifs
they possess, how these WH2 motifs are positioned relative to
one another, and in nucleation potency. In some members
(e.g., cobl), WH2 motifs are positioned in a manner that permits
stabilization of a short-pitch actin-actin contact, which may be
important for efficient nucleation (Carlier et al., 2011; Qualmann
and Kessels, 2009). In SPIRE, the arrangement of WH2 domains
is more consistent with stabilization of longitudinal actin-actinCell 155, 423–434, October 10, 2013 ª2013 Elsevier Inc. 423
contacts instead of the short-pitch actin dimer needed to pro-
duce a barbed end. This is consistent with EM analyses showing
structures resembling a short, single actin strand in the presence
of SPIRE as opposed to the pair of strands that compose an actin
filament (Quinlan et al., 2005). In isolation, the SPIRE WH2 array
exhibits relatively weak nucleation activity. But an interaction
with the dimeric formin, Cappuccino, brings together two SPIRE
WH2 arrays, greatly enhancing activity (Quinlan et al., 2007; Viz-
carra et al., 2011). Thus, although different WH2-based nucle-
ation mechanisms are possible, highest potency appears to
involve stabilization of both strands of the nascent filament.
Vibrio parahaemolyticus is a gastrointestinal pathogen and is a
cause of food-borne illness worldwide (Yeung and Boor, 2004).
Transmission occurs primarily through the consumption of raw
or undercooked shellfish harvested from contaminated marine
waters and results in diarrheal disease that is usually self-limiting
(Yeung and Boor, 2004). Vibrio parahaemolyticus, like many bac-
terial pathogens, hijacks eukaryotic cytoskeletal processes
through injection of effector proteins into host cells (Alto and
Orth, 2012; Haglund and Welch, 2011). One of the effector pro-
teins that Vibrio parahaemolyticus injects is the actin nucleation
factor VopL. VopL injection causes a substantial reorganization
of the host cytoskeleton (Liverman et al., 2007), leading to the
formation of characteristic actin stress fibers. VopL has two
distinct domains: an N-terminal array of three WH2 motifs and
a unique VopL C-terminal domain (VCD). Although the VCD is
sufficient for nucleation activity, its potency is greatly enhanced
by inclusion of the tandem WH2 arrays (Namgoong et al., 2011;
Yu et al., 2011).
In order to understand the activity of VopL and to gain general
insights into structural mechanisms of actin filament nucleation,
we determined the crystal structure of the VopL VCD in complex
with actin. In this structure, the VCD dimer binds to three actin
monomers that show striking similarity to three consecutive
monomers in an actin filament. Modeling shows that, in this
arrangement, each actin monomer is accessible to a WH2
domain. The structure and complementary biochemical data
lead to a model in which the VCD functions as a low-affinity
‘‘organizer,’’ evolved to arrange actins in a filament-like configu-
ration, and theWH2 arrays, although being poor organizers, bind
actin monomers with high affinity and deliver them to the VCD.
Together, the two elements enable full-length VopL to potently
template new actin filaments. The division of organization and
delivery appears to be a general feature of actin nucleation
factors.
RESULTS
A New Nonpolymerizable Actin Mutant
To understand the mechanism of VopL-mediated nucleation, we
determined the crystal structure of the VopL VCD in complex
with actin. Crystallographic studies involving actin require
some means of preventing polymerization. To achieve this, we
introduced three mutations into the barbed end of Drosophila
melanogaster 5C actin (D287A, V288A, and D289A). These mu-
tations are located in the interface between actin monomers in
a longitudinal contact (along the filament axis) (Figure 1A). Pellet-
ing assays show that the D287A/V288A/D289A mutant actin424 Cell 155, 423–434, October 10, 2013 ª2013 Elsevier Inc.does not form filaments under conditions that induce polymeri-
zation of wild-type actin (Figure 1B). Although unable to poly-
merize, the mutant retains properties associated with wild-type
actin; it binds VopLWH2motifs with nanomolar affinity (Figure S1
available online) and is able to interact with the fast-growing
barbed end of existing actin filaments in a concentration-depen-
dent manner (Figures 1C and 1D), indicating that the mutant is
stably folded and functionally intact.
Structure of the VCD-Actin Complex
Cocrystallization of the mutant actin and VCD yielded crystals
that contained both components and diffracted to 2.75 A˚,
enabling structure determination by molecular replacement (Fig-
ures 2 and S2B and Table S1; PBD ID 4M63). In this structure,
each asymmetric unit contains a VCD dimer and three actin
monomers. The actin monomers adopt a spatial arrangement
that resembles that of three successive subunits in an actin fila-
ment (Figures 2 and S2C). Given the many possible arrange-
ments actin might adopt in an arbitrary crystal, it is likely that
this resemblance is functionally significant. As in free VopL,
each VCD monomer consists of three structural units: arm,
base, and carboxy-terminal helix (Figures 3 and S3) (Namgoong
et al., 2011; Yu et al., 2011). Contacts between the base units
form an elongated platform, stabilized by the C-terminal helices,
which form a coiled-coil. The arms emerge from the ends of this
platform and are directed opposite to the coiled coil. In both the
free protein and in complex with actin, the VCD dimer is asym-
metric; all four arms (from the two structures) exhibit distinct
orientations relative to the base platform, owing to rigid body ro-
tations about the flexible arm-base linkers (Figures 3B and 3C).
The actins are assembled onto this structure with their pointed
ends directed toward the VCD (Figure 2B). Actin 1 binds to the
face of the VCD dimer, making extensive contacts to both
base units as well as both arms. Actin 2 does not contact the
base. Rather, it sits with the pointed end of its subdomain 4
engaged with the tip of one arm. It also contacts the side of
the opposite arm through the face of subdomain 2. Actin 3 sits
analogously on the tip of the opposite arm, again through con-
tacts of the pointed end of its subdomain 4. This arrangement
is distinct from those in the two previously hypothesized models
based on the free VCD structure (Namgoong et al., 2011; Yu
et al., 2011).
In the VCD-actin complex, the VCD arms have undergone rigid
body rotations relative to the arms in the free VCD structure (Fig-
ures 3A and 3C). This allows each arm to bind to two actins, and
the resulting arm-actin assemblies are pseudosymmetric: the
arm A (red) contacts to actins 1 and 2 are analogous to those
of arm B (blue) with actins 2 and 3 (Figure 2). The similarity of
these arm-actin assemblies exists even at the level of detailed
contacts. We classify the arm-actin contacts into two groups—
actin-‘‘tip of arm’’ contacts and actin-‘‘side of arm’’ contacts
(Figures 2D–2F). Structural alignments of the tip of arm contacts
show that the spatial arrangement of actin 2 (cyan) relative to the
VCD arm A (red) mirrors that of actin 3 (pink) relative to the VCD
arm B (blue), with an overall backbone RMSD of 1.82 A˚ (Fig-
ure 2F). The deviations derive from a small rigid body rotation
of the actins, relative to the arms, apparent in an alignment based
on the arms alone. Similarly, structural alignments of the side of
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Figure 1. Development of a Barbed-End-Blocked Nonpolymerizable
Actin
(A) A single actin monomer in an ideal filament (Oda et al., 2009) is shown in
ribbon representation, with the four flanking actins shown as transparent
surfaces. The locations of the side chains mutated to prevent polymerization
(cyan spheres) are shown.
(B) Actin pelleting assays comparing mutant Drosophila 5C actin to wild-type
rabbit muscle actin. 9 mM samples of rabbit muscle and barbed-end-blocked
actin were allowed to polymerize in 50 mM KCl for 16 hr. Samples were
separated by centrifugation into a soluble pool and pellet pool (containing fil-
aments) and analyzed by SDS-PAGE.
(C) Mutant actin exhibits capping activity at filament barbed ends. Filament
seeds (stained with Alexa-546 phalloidin) were mixed in G-buffer with 0.5 mM
unlabeled rabbit actin, 0.15 mM rabbit actin labeled with Oregon green mal-
eimide, and either 0 mM, 0.025 mM, or 0.065 mM mutant actin. Polymerization
was initiated by addition of 103 KMEI buffer and allowed to proceed for
10 min, at which time individual filaments were imaged by TIRF microscopy.
(D) Average length of growth from the barbed ends of phalloidin seeds in the
presence of increasing concentrations of mutant actin. Values shown are
average filament lengths growing from the barbed end of phalloidin stabilized
seeds, with 423, 275, and 70 seeds analyzed at 0, 25, and 65 nMmutant actin,
respectively. Error bars represent the SE in filament length. Average value for
the 65 nMmutant actin sample is likely an overestimate as many seeds did not
grow visibly at either end and hence were rejected as barbed and pointed ends
could not be distinguished from one another.
See also Figure S1.arm contacts show that the spatial arrangement of actin 1 (light
yellow) relative to VCD arm A (red) mirrors that of actin 2 (cyan)
relative to VCD arm B (blue) (Figures 2D and 2E). Alignment of
these elements yields a backbone RMSD of 1.15 A˚. In this
case, deviations are distributed throughout the structures, as
evidenced by restriction of the alignments to the respective
arms.
Actin Adopts a Filament-like Arrangement in Complex
with the VCD
Strikingly, the two actins bound to each arm closely resemble the
short-pitch dimer present in an actin filament (Figure 4). In an
idealized filament, successive monomers are related by a
166.4 rotation and 27.6 A˚ translation along the rotation axis (Fujii
et al., 2010; Holmes et al., 1990; Oda et al., 2009) (Figure 4E). In
the VCD complex, actins 1 and 2 are related by a 154.9 rotation
and 27.0 A˚ translation (Figure 4E). Superposition of the actin1/2
dimer on a canonical actin filament model (Oda et al., 2009) gives
a backbone RMSD of 3.33 A˚. Actins 2 and 3 are similarly related
by a rotation of 167.0 and translation of 29.2 A˚ and superimpose
on the canonical filament with backbone RMSD of 2.57 A˚. These
relationships suggest that the fundamental role of the VCD arm is
to organize two actins into a short-pitch dimer.
The VCD base separates the two arms, allowing them to share
actin 2. This leads to an overall organization that bears close
similarity to three successive monomers in a filament (Figure 4).
The two respective short-pitch actin pairs are each associated
with a rotation axis. Because the arrangement of the actins is
close to that in a filament, these axes are nearly coincident (angle
between axes is 5.1, distance of closest approach between
axes is 2.4 A˚) (Figure 4). Further, this arrangement allows the ‘‘hy-
drophobic plug’’ of actin 2 (residues 264–270) to contact the
interface between actins 1 and 3, as it does in the canonical fila-
ment model (Fujii et al., 2010; Oda et al., 2009) (Figure S4). Thus,Cell 155, 423–434, October 10, 2013 ª2013 Elsevier Inc. 425
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Figure 2. Overall Structure of the VopL VCD
in Complex with an Actin Trimer
(A–C) VopL VCD dimer is shown as a ribbon with
one VopL monomer (chain A) red and the other
(chain B) blue. Actin monomers 1, 2, and 3 are
shown in surface representation and are colored
yellow, cyan, and pink, respectively. (B) indicates
barbed and pointed ends of the actin trimer.
(D and E) Side of arm contacts. Alignment of arm
B + actin 2 (oriented as in [A]) with arm A + actin 1.
(F) Tip of arm contacts. Alignment of arm B and
actin 3 (oriented as in [C]) with arm A + actin 2. The
alignments were made using backbone atoms of
the VCD arms only. Overall backbone rmsd is the
result of aligning atoms from both actin and VCD
arms.
See also Figure S2 and Table S1.the inherent symmetry of the VCD, coupled with the flexibility of
the arm-base attachments, enforces a filament-like arrange-
ment. This arrangement likely lies at the core of the VopL nucle-
ation mechanism.
Mutagenic Validation of VCD-Actin Contacts
In a previous study, mutation of charged VCD surface patches
identified several residues important for nucleation activity (Ta-
ble S2). With the VCD-actin structure in hand, it is now apparent
that these mutations disrupt VCD-actin contacts and thus vali-
date the structure. The details of additional actin-VCD contacts
that were not subject to mutagenesis appear in Figure S5.
Two types of mutations were introduced into the VCD, those in
the arm and those in the base; the former will be discussed first.
In our structure, the tip of the VCD chain A arm contacts subdo-
main 4 of actin 2, and, in a nearly identical fashion, the tip of the
VCD chain B arm contacts subdomain 4 of actin 3. The VCD res-
idues that compose the ‘‘tip of arm’’ contacts lie in a loop span-
ning residues Y322–A328, in the a6 helix (I341–T350), and in the
first b strand (R354–D360) (Figures 5A–5C and S2A). Two triple
mutants affecting patches at the tip of the arm were K323E/
R347E/R354E and D326G/V327G/P333G. Mutation of the first
patch disrupts a hydrogen bond between VCD K323 and the
side chain of actin S239 and backbone hydrogen bonds
between the side chains of VCD R347 and R354 and actin
G245 and V247, respectively. Mutation of the second patch dis-
rupts a hydrogen bond between VCDD326 and actin S239 and a
hydrophobic interaction between VCD V327 and actin L216.
In contrast to the VopL arms, which lie in nearly identical bind-
ing sites, the base of VopL chain A and the base of VopL chain B
interact differentially with actin 1, making contacts to its subdo-426 Cell 155, 423–434, October 10, 2013 ª2013 Elsevier Inc.mains 2 and 4, respectively. Contacts
between actin and the VopL chain A
base involve the N terminus of the VCD
(L249–E251), the C terminus of helix a2
(E262–A279), the C terminus of helix a9
(K399–E408), and a10 (L409-K421) (Fig-
ures 5A and 5D). The contacts between
chain B of the VCD base and actin areless extensive than those of chain A and occur mainly through
helix a11 (residues 421–433) and the a8–a9 loop (residues
395–399) (Figures 5A and 5E). The remaining mutations lie in
the interface between the VCD base and actin 1 and target two
surfaces patches. Mutation of the first patch (E408K/D413K/
E417A) disrupts the following contacts between VCD chain A
and actin subdomains 2 and 4: a hydrogen bond between VCD
E408 and actin H40, a long-range electrostatic contact between
VCD D413 and actin R39, and a hydrogen bond between VCD
E417 and actin T201. Mutation of the second patch (Y425A/
R428D and K421A/Y425A/R428D) disrupts contacts between
subdomain 4 of actin and VCD chain B. VCD Y425 makes hydro-
phobic contacts with the hydrophobic portions of actin T194 and
K191, and VCD R428 forms a hydrogen bond with actin T201.
Mutation of K421 likely disrupts a salt bridge between the VCD
dimer subunits and is not directly involved with actin binding.
All of the mutations discussed above disrupt contacts be-
tween the VCD and actin. Accordingly, these mutations impair
VopL nucleation activity and thus establish that the VCD-actin
contacts observed in the crystal are functionally important.
VCD Heterodimers Support the Asymmetric
Engagement of Actin
Although the mutagenesis studies described above confirm that
the contacts in the crystal structure are important for VopL nucle-
ation activity, we sought to develop a strategy that addresses
more directly the asymmetry of the structure and its role in nucle-
ation. The VCD dimer, by virtue of its 2-fold symmetry, can bind
the actin trimer in two equivalent orientations. In any given nucle-
ation event, VCD symmetry is broken through contacts of actin 1
to one face of the dimer. Thus, our structure predicts that
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Figure 3. VCD Arms in Different Structure
Are Related by Rigid Body Rotations
(A) Overview of free VopL (Yu et al., 2011) and
VopL in the actin-bound structure. The arm (resi-
dues 283–382), base (residues 245–278 and 395–
456), and coiled-coil (residues 462–474) domains
are indicated.
(B) Alignments of the free and complexed VopL
arms reveal a high degree of similarity.
(C) Backbone alignment of the four VopL mono-
mers, restricting the alignment to the base, reveals
that each of the four VopL arms adopts a distinct
orientation relative to the base.
See also Figure S3.mutagenic disruption of both faces of the dimer should strongly
impair activity, whereas disruption of only one face should leave
an equivalent binding site intact on the other face and thereby
confer less impairment. Mutagenic disruption of only one face re-
quires the introduction of different sets of mutations into the
respective VCD monomers within a dimer. To achieve this, we
created heterodimeric VCD proteins by replacing the C-terminal
coiled coil with an engineered coiled-coil heterodimer (O’Shea
et al., 1993). Actin 1 contacts two patches of residues in the
base platform, one on each VCD monomer (N397, Y425, and
R428 on monomer A and E251, Y275, V405, and D413 on mono-
mer B) (Figures 5D and 5E). Mutating both patches in bothmono-
mers (E251A, Y275A, V405A, and E408A in one patch and
N397E, Y425A, and R428E in the other patch) does not disrupt
folding (Figure S6E) but does decrease activity relative to the
wild-type heterodimer, as both faces of the VCD dimer are
impaired (Figures 6A and 6B and Figures S6A–S6D). Similarly,
mutating both patches on one monomer also decreases activity
appreciably, again because both faces are affected. In contrast,
and as predicted, when only one face of the dimer is disrupted by
mutating the first patch on one monomer and the second patch
on the other monomer, activity is only modestly decreased.
These data support the structure-based prediction that the
VCD nucleates actin using one of two equivalent, mutually exclu-
sive binding sites.Cell 155, 423–434,WH2 Arrays Deliver Actin, which Is
Organized by the VCD
Adjacent to the VCD, each VopL mono-
mer possesses three tandemWH2 motifs
that bind actin with nanomolar affinity
(Namgoong et al., 2011; Yu et al., 2011).
This array exhibits little nucleation activity
on its own, but when fused to the VCD, it
increases the potency of VopL by over
100-fold (Namgoong et al., 2011; Yu
et al., 2011). The WH2 motifs likely
enhance activity by binding to and deliv-
ering actin monomers to the VCD, com-
pensating for the modest affinity of the
VCD for actin. To understand this pro-
cess, we modeled WH2 motifs onto the
actins in our structure using a previously
reported crystal structure of a VopLWH2-actin complex (Rebowski et al., 2010). WH2 motifs
possess an amphipathic helix that binds in the cleft between
subdomains 1 and 3 at the barbed end of the actin monomer, fol-
lowed by an ‘‘LKKT motif’’ that binds to the actin face (Carlier
et al., 2011; Dominguez, 2009). Each of the three actins in the
complex readily accommodates a WH2 motif without steric
clashes. The 23 residue linker between the LKKT sequence of
the third WH2 motif and the N terminus of the VCD can span
the modeled distance between these points for both actin 1
and actin 2 (40 and 50 A˚, respectively) (Figures 7A and 7B).
We note that the structure contradicts our previous hypothesis
regarding the aberrantly low activity of a fusion of the third
WH2 motif with the VCD (Yu et al., 2011), an observation we
are currently working to understand. The 20 residue linker be-
tween the second and third WH2 motifs (WH2b and WH2c,
respectively) is sufficiently long to span the distance between
the WH2 motifs modeled onto actins 1 and 3 (Figure 7A) but is
insufficient to span the distance between the WH2 motifs mo-
deled onto actins 1 and 2. Thus, it is likely that oneWH2 array de-
livers actins 1 and 3, whereas the opposite array delivers actin 2.
In order to test this model, we returned to our heterodimer
strategy. As described above (Figures 5 and 6), mutating both
actin-binding patches on one face of a VCDheterodimer restricts
assembly of the three actins to predominantly one orientation,
dictated by binding of actin 1 to the wild-type face. In a minimalOctober 10, 2013 ª2013 Elsevier Inc. 427
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Figure 4. Actins in the VopL Complex Resemble the Canonical Actin
Filament
(A and C) Canonical actin filament (Oda et al., 2009).
(B and D) Actins from the VopL complex colored as in Figure 1. Axes relating
pairs of actin monomers are shown as cylinders.
(E) Rotations and translations associated with the depicted axes.
See also Figure S4.system in which a total of three WH2 motifs recruit the actin
trimer, there exists a maximally active configuration in which
one VCDmonomer within a dimer uses twoWH2motifs to deliver
actins 1 and 3 to the wild-type face, and the other VCDmonomer
uses a single WH2motif to deliver actin 2. If theWH2 arrays were
swapped, the actin geometry in the initial trimer would not match
that of the recruiting elements because there would be no WH2
motif to recruit actin 3 (Figure 7C). Thus, the ‘‘single-face’’ heter-
odimer, by forcing use of only one face of the VCD, provides a428 Cell 155, 423–434, October 10, 2013 ª2013 Elsevier Inc.means of examining the relationship between actin geometry
controlled by the VCD and delivery of actin by the WH2 arrays
of the individual subunits.
As in a previous experiment (Figure 6), in order to impair one
face of a VCD heterodimer, we mutated N397, Y425, and R428
on one subunit (monomer A, red in Figure 7B) and E251, Y275,
V405, and D413 on its partner (monomer B, blue in Figure 7B).
As shown in Figures 7A and 7B, our model predicts that WH2
motifs of monomer A (red) should deliver actins 1 and 3 to this
heterodimer, whereas those of monomer B (blue) should deliver
actin 2. As shown in Figure 7D, when monomer A is joined to two
WH2 motifs and monomer B is joined to one motif, activity of the
heterodimer is high. But when the WH2 arrays are swapped so
that monomer A has only one WH2 motif and monomer B has
two motifs, activity is low (Figure 7D). Thus, when the geometry
of actins organized by the VCD is matched to the geometry of
recruitment by WH2 motifs (Figure 7C, top), the two elements
can act synergistically to promote nucleation. But when the ge-
ometries are mismatched (Figure 7C, bottom), synergy is less
and activity is lower. Together, these data provide strong sup-
port for our model of WH2-mediated delivery of actin to the VCD.
We note that, in the full-length protein, the system likely pro-
ceeds through multiple complexes containing between three
and six actins delivered by the WH2 arrays and is organized by
the VCD according to this same general plan (Figure 7E, right).
The distribution of these complexeswill depend on the actin con-
centration and the relative rates of actin binding and nucleation,
but there is not necessarily a single defined pathway involving all
six WH2 motifs.
Deviations from the Canonical Filament Model
The organization of actins in the VCD complex qualitatively re-
sembles that in an actin filament. However, some details of the
structure are quantitatively distinct from the filament. First, the
rotational and translational relationships between monomers
do not exactly match those in an ideal filament (although we
note that monomers within individual actin filaments can exhibit
substantial angular deviations from ideality [Schmid et al., 2004]).
Second, the actin monomers adopt conformations that more
closely resemble that of the unpolymerized actin monomer
than the monomer in a filament, with backbone root-mean-
square deviation (rmsd) of 0.6–0.9 A˚ versus 2 to 3 A˚, respectively.
Third, the configuration in our structure positions the subdomain
2 DNase I binding loop (D loop) of actin 3 too far from the barbed
end cleft of actin 1 for these elements to engage as they do in a
filament (Figure S4F) (Fujii et al., 2010; Oda et al., 2009). Some of
these deviations may result from our use of the actin mutant to
obtain crystals. However, in order for WH2 domains to bind actin
and participate in nucleation, the D loop cannot be bound in the
barbed end cleft. Thus, accessibility of the cleft to WH2 domains
and the absence of D loop engagement likely reflect an authentic
intermediate in the nucleation pathway.
DISCUSSION
Here, we have described the structure of the VopL VCD in com-
plex with three actin monomers. The VCD organizes the actin
monomers into a trimer that closely resembles an actin filament.
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Figure 5. The Details of the Tip of Arm Actin Contacts and the Contacts of the VCD Base to Actin 1
(A) Entire VCD-actin complex. The VopL chain identities and the actins are labeled. Boxes indicate the specific regions that appear in the close-up views in (B)–(E).
(B) Interface between the tip of VCD chain A arm and actin 2.
(C) Interface between the tip of VCD chain B arm and actin 3.
(D) The interface between VopL chain A and actin 1.
(E) The interface between VopL chain B and actin 1.
In all panels, the coloring schemematches that in Figure 2. In stick presentations (B and C), carbon atomsmatch the ribbon color; nitrogen and oxygen atoms are
colored blue and red, respectively. Residue numbers and secondary structural elements are indicated. Contacts within 4 A˚ are shown as dotted lines. Probable
hydrogen bonds have distances indicated. Residues labeled with bold italics weremutated in the VCD homodimer to validate the structure (Table S2). Underlined
labels indicate residues that were mutated in the VopL heterodimers to selectively impair either one or both of the symmetric binding sites for actin 1. Residues
appearing in bold, underlined italics were mutated in both cases. See also Figure S5 and Table S2.This positioning of the actins is dictated by binding of each arm
to an actin pair that closely resembles a short-pitch actin dimer
and by sharing of one actin between the pairs. This positioningleaves all actin subdomain 1–subdomain 3 clefts accessible to
the array of WH2 motifs extending from the amino terminal end
of each VCD subunit.Cell 155, 423–434, October 10, 2013 ª2013 Elsevier Inc. 429
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Figure 6. The VopL VCD Can Bind to the Actin Trimer in Two
Equivalent Orientations
(A) Schematic side (left) and top (right) views of the VCD. The VCD homodimer
has two symmetry-related binding sites for actin 1.We subdivide each of these
binding sites into two surfaces, one residing on each VCD chain. One surface is
shown as a rectangle (including residues E251, Y275, V405, and E408), and the
other surface is shown as a circle (including residues N397, Y425, and R428).
(B) Actin assembly was quantified by measuring the time to half-maximal
polymerization (t50). The average and SE (n = 4, error bars appear in front of the
symbol) are plotted for four heterodimers possessing different numbers of
unperturbed actin binding sites (wild-type sites and mutant sites are yellow
and hatched, respectively). Both patches on both monomers are represented
by green inverted triangles, both patches on one monomer are represented by
magenta triangles, one patch on one monomer and one patch on the other
monomer are represented by red circles, and the unmutated heterodimer is
represented by blue squares. Experiments using 0 nM VopL (white square)
were included in all data sets but are the same data.
See also Figure S6.Together, these observations suggest a mechanism of nucle-
ation that relies on synergistic actions of the VCD and WH2
domains. In this mechanism, the VCD organizes actin monomers
to closely resemble an actin filament. But because the domain
has low affinity for actin, it has low nucleation activity in isolation.
Conversely, the WH2 domains capture actin monomers with
high affinity but are poor organizers due to their inherent flexi-
bility. When together in the same molecule, the two elements
can effectively bind and organize actins in a filament-like config-
uration (Figure 4). At some stage during nucleation, either before
or after additional monomers bind, this structuremust reorganize
into a bona fide filament in which actin monomers are in the fila-
mentous conformation and the D loops are engaged in the
barbed end clefts. This rearrangement could weaken VCD-actin
interactions and would block interactions between the WH2
amphipathic helix and actin, contributing to the observed rapid
dissociation of VopL from nascent filaments (Namgoong et al.,
2011).
We posit that the structure of the VopL VCD bound to actin
provides a snapshot of the nucleation process, suggesting three
general mechanistic themes that describe the actions of nucle-430 Cell 155, 423–434, October 10, 2013 ª2013 Elsevier Inc.ation factors. First, this structure provides strong evidence that
nucleation factors act by organizing monomers into a filament-
like configuration. Second, comparison to other nucleation
factors suggests that the separation of actin organizing and
recruiting functionalities that we observe for VopL may be gen-
eral. Third, the dynamic association of a given nucleation factor
with a filament end may depend on the degree to which the
nucleation factor organizes actins to resemble the canonical fila-
ment structure.
A long-standing hypothesis is that actin filaments arise from
filament-like nuclei and that the fundamental purpose of nucle-
ation factors is to facilitate the formation of these structures
(Dominguez, 2009). The VCD-actin structure provides the stron-
gest evidence to date that this idea is in fact correct; VopL
positions three actins in a manner very similar to those in the
canonical filament. Previous crystal structures of actin-nucle-
ation factor complexes have been less compelling in this regard;
actin-actin contacts have arisen from crystallographic symmetry
and do not match those in the canonical filament to the degree
that they do in this structure. The crystal structure of the formin
Bni1p engaged with actin (Otomo et al., 2005) revealed that actin
lies in a filament-like configuration but with an 180 rotation
dictated by a crystallographic symmetry axis. The actin mono-
mers in the structure of FMNL3 bound to actin also made
contacts along a crystallographic axis but did not adopt a
filament-like configuration (Thompson et al., 2013). Electron
microscopy reconstruction of Arp2/3 complex engaged with a
nucleated filament (at 26 A˚) and in a soluble activated state (at
20 A˚) provides additional views of nucleation (Rouiller et al.,
2008; Xu et al., 2012) that are consistent with the idea that nucle-
ation factors function by organizing filament-like nuclei. That
several of these nucleation factors appear to induce short-
pitch-like contacts strongly supports the idea that actin
nucleation occurs through filament-like nuclei and that actin
nucleation factors function by generating such structures.
Based on the structure and biochemistry, we propose that
VopL functions via a division of labor whereby the WH2 domains
bind actin monomers with high affinity and deliver them to the
VCD, the latter serving to enforce a filament-like arrangement.
These two distinct functionalities, present within the same mole-
cule, give rise to potent nucleation activity (Figure 7E). Such divi-
sion of labor also appears to be important to both the Arp2/3
complex and formins. In Arp2/3-mediated nucleation, Arp2 and
Arp3 serve a function analogous to that of the VCD in that they
act as an organizing entity of low inherent affinity for actin mono-
mers (Kaiser et al., 1999; Mullins et al., 1997; Padrick et al.,
2011). When Arp2/3 complex is activated by WASP family pro-
tein VCA peptides, the WH2 motifs in VCA bind actin monomers
with high affinity and deliver them to the Arp2/Arp3 organizing
template. In formin proteins, the FH2 domain serves a function
analogous to that of the VCD in that it too induces a filament-
like actin nucleus (Otomo et al., 2005). Despite high affinity for
the filament barbed end, many FH2 domains exhibit only modest
affinity for actin monomers or only bind a single monomer
(Thompson et al., 2013; A.A.Y. and T. Otomo, unpublished
data). In some formins, such as Inf2 (Chhabra et al., 2009),
FMNL3 (Heimsath and Higgs, 2012), and mDia1 (Gould et al.,
2011), there is a WH2-like sequence C-terminal to the FH2
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Figure 7. The VopL WH2 Domains Recruit
and Deliver Actin Monomers to the VCD
(A) WH2b and WH2c modeled onto actin 3 and
actin 1, respectively.
(B) WH2c modeled onto actin 2.
(A and B) Green stars indicate the position of the
VCD N terminus. Dashed lines approximate the
trajectories of the paths used to estimate the dis-
tances between structured elements in the model
(VCD N terminus to WH2c and WH2c to WH2b).
(C) Illustration of VopL heterodimers that harbor
mutations in the VCD that disrupt binding of actin 1
to one face and, additionally, are fused to a total of
three WH2 motifs, an array of two WH2 motifs on
one VCD monomer and a single WH2 motif on the
other. The respective VCD monomers within a
heterodimer are red or blue. Actins 1 (yellow), 2
(blue), and 3 (pink) are indicated. The unmutated
face of the VCD is denoted by bright yellow
patches. The mutated face of the VCD appears as
yellow patches with black hash marks. Only the
unmutated face could bind actin 1 in the mode
observed in the crystal structure. The WH2 arrays
are represented as black lines that emanate from
the respective VCD monomers. In the construct
with ‘‘matched’’ symmetry, the (WH2)2 array de-
livers actins 1 and 3 such that actin 1 contacts the
unmutated face of the VCD; the single WH2 motif
delivers actin 2, creating a stable trimer (Sept and
McCammon, 2001). In the construct with ‘‘mis-
matched’’ symmetry, if the system uses the wild-
type face of the VCD, there is no WH2 motif to
deliver actin 3 longitudinally to actin 1; the (WH2)2
array could deliver an actin longitudinally to actin 2
(not shown in cartoon), but this would not create a
stable actin trimer.
(D) Actin assembly was quantified by measuring
the time to half-maximal polymerization (t50). The
average and SE (n = 4, error bars appear in front of
the symbol) are plotted for two different VopL
heterodimers. Both heterodimers harbor muta-
tions that disrupt a single face of the VCD, each
possessing a single WH2 motif fused to one VCD
monomer and two tandem WH2 motifs on the
other. However, the two heterodimers differ from
one another in how the WH2 arrays are positioned
relative to the mutated surface on VCD, referred to
as matched (magenta triangles) or mismatched
(cyan circles) as shown in (C). Experiments using
0 nM VopL (white square) were included in both
data sets but are the same data.
(E) A summary of the roles of the VCD and the WH2 arrays in VopL-mediated actin nucleation. The cartoons represent the ensemble behavior in the presence of
actin, for the VCD alone, the WH2 array alone, and full-length VopL. The rows in the table indicate the capacity to bind to actin, to organize actin into filament-like
structures, and to nucleate actin filaments. Note that, for visual clarity, in (C) and (E), we represent the unbound WH2 motif as helical, although physical data
suggest that, in the free state, WH2 motifs are disordered.domain. In these proteins, the FH2 domains have weak activity
on their own but have high activity in concert with the additional
sequences. These data are consistent with the FH2 domains
acting as an organizing template and the WH2-like sequences
delivering actin monomers. Furthermore, and consistent with
the overall idea, the formin mDia1 may use the nucleation factor
APC as an actin recruiting factor (Okada et al., 2010). Taken
together, this ‘‘division of labor’’ appears to be a mechanistic
theme that applies to diverse nucleation factors.Different nucleation factors exhibit distinct dynamic properties
at the end of the nascent filament. Structural data on the Arp2/3
complex (Rouiller et al., 2008), the formin Bni1p (Otomo et al.,
2005), and now VopL suggest that deviations from an ideal fila-
ment, or lack thereof, may underlie this variability. The Arp2/3
complex remains persistently associated with the pointed end
of the filament it nucleates. Arp2/3 complex in a filament branch
organizes the actin homologs Arp2 and Arp3 in a configuration
indistinguishable from that of actins in the filament (RouillerCell 155, 423–434, October 10, 2013 ª2013 Elsevier Inc. 431
et al., 2008; Xu et al., 2012). The formin FH2 dimermoveswith the
end of the nascent filament through cyclic release of individual
formin subunits from the terminal two actins and subsequent
binding of this subunit to an incoming actin monomer (Goode
and Eck, 2007; Otomo et al., 2005; Xu et al., 2004). In complex
with the Bni1p FH2 domain, actins adopt a filament-like but
strained configuration; relief of this strain has been invoked to
explain the binding and release dynamics of the FH2 subunits
at the filament end (Otomo et al., 2005; Thompson et al.,
2013). We have now found that VopL, which dissociates from
filaments shortly after nucleation (Namgoong et al., 2011), also
arranges actin monomers in a configuration that deviates from
the canonical filament. Together, these behaviors suggest that
strain in the nucleus and/or nascent filament may play an impor-
tant role in dictating the dynamic behaviors of nucleation factors.
Those that are structured to bind an ideal filament may remain
persistently attached, whereas those that bind strained configu-
rations may be dynamic. Such features could be selected for
during evolution to produce the specific behaviors needed for
distinct biological activities.EXPERIMENTAL PROCEDURES
Protein Purification
VopL VCD (residues 247–484) was expressed in Escherichia coli and purified
as previously described (Yu et al., 2011). Briefly, VCD was expressed as a
glutathione S-transferase (GST) fusion in BL21(DE3)-T1R E. coli at 18C over-
night. VCD was purified over glutathione sepharose (GE) and cleaved off the
beads with TEV protease. Further purification was accomplished using
SOURCE15Q ion exchange followed by Superdex 200 gel filtration (GE) chro-
matographies. VCD mutants were made using site-directed mutagenesis or
gene synthesis (Genscript). VCD heterodimers and VopL heterodimers bearing
the minimal set of three WH2 domains were produced by replacing the VopL
coiled coil with one of two compatible ‘‘peptide velcro’’ coiled-coil pairs and
by coexpressing these proteins in BL21(DE3)-T1R bacteria from two origin-
compatible plasmids, pMAL-c2 (NEB) and pCDF1 (Novagen). TEV protease
cleavable maltose-binding protein fusions with an engineered acidic helix
(O’Shea et al., 1993) were cloned into a pMAL-C2-derived vector (NEB). TEV
protease cleavable His6 fusions with an engineered basic helix (O’Shea
et al., 1993) were cloned into a pCDF1- (Novagen) derived vector. VCD heter-
odimers and heterodimers bearing theminimal set of threeWH2 domains were
purified using amylose (NEB) affinity chromatography, followed by Ni-NTA
affinity chromatography (QIAGEN), and affinity tags were removed using
TEV protease. Purification to homogeneity was accomplished using
SOURCE15Q and SOURCE15S ion exchange chromatography (GE) for the
VCD constructs and the WH2-VCD constructs, respectively. Subsequently,
heterodimers were subjected to gel filtration chromatography using Superdex
200 pg resin (GE) in KMEI buffer (50 mM KCl, 10 mM imidazole [pH 7.0], 1 mM
EGTA, and1 mM MgCl2). Barbed-end-blocked His6-actin (Drosophila mela-
nogaster 5C actin with D287A, V288A, and D289A mutations) was expressed
using a recombinant baculovirus produced in Sf9 cells using the Bac-to-Bac
system and a modified pFastBacHT expression vector (Invitrogen) that
included an L21 enhancer sequence (Sano et al., 2002) driving expression of
the mutant 5C actin. Mutant actin was purified by nickel affinity chromatog-
raphy. Then, TEV protease was used to remove the His6 tag. The purification
was completed using anion exchange followed by gel filtration chromatog-
raphy. For crystallization, a 1:1 molar mixture of VCD and actin was dialyzed
for 16 hr into 10 mM Tris (pH 8.0), 50 mM KCl, 0.2 mM ATP, 2 mM TCEP,
and 0.1 mM CaCl2 and concentrated to 20 mg/ml.
A VopL WH2c peptide (199–226) bearing an introduced C-terminal tyrosine
residue to aid in quantitation by absorbance was expressed in E. coli as a GST
fusion. Following cell lysis, the fusion was affinity purified using 5 ml gluta-
thione agarose following manufacturer recommendations. Following elution432 Cell 155, 423–434, October 10, 2013 ª2013 Elsevier Inc.from glutathione agarose, the fusion was concentrated to 1 ml using a centrif-
ugal concentrator (Amicon Ultra 15, 30000MWCOUFC903024, Millipore), and
the peptide was cleaved from the GST fusion with TEV protease at 4C over-
night. The peptide was subsequently purified by two cycles of gel filtration
chromatography (Superdex 75 10/300 GL, GE Healthcare) in KMEI buffer sup-
plemented with 0.2 mM ATP.
Structure Determination
The VCD-actin mixture was crystallized from hanging drops containing 1 ml
protein and 1 ml of well solution (0.1 M MMT buffer [pH 8.0] and 24%
PEG1500), yielding crystals with dimensions up to 5003 5003 300 mm3. Crys-
tals were flash frozen directly from the drop in liquid nitrogen. Diffraction data
were collected at beamline 19-ID at the Advanced Proton Source (APS)
(Argonne National Laboratory). The data were processed and scaled using
HKL3000 (Minor and Otwinowski, 1997). The structure was solved by molec-
ular replacement using Phaser (McCoy et al., 2007) as implemented in Phenix
(Adams et al., 2010) with actin (Nair et al., 2008) and VCD arm fragments and
VCD base/coiled-coil dimers (Yu et al., 2011) as search models. The model
was improved through iterative cycles of model building in Coot (Emsley
et al., 2010) and through subsequent positional and TLS atomic displacement
parameter refinement in Phenix.
Biochemistry
Actin assembly assays contained 2 mM rabbit muscle actin (10% pyrene
labeled) in KMEI supplemented with 100 mM ATP, following a previously
described method adapted to a multiwell plate format (Leung et al., 2006).
Actin spin-down assays were performed using 9 mM actin in KMEI. Poly-
merization was allowed to proceed for 16 hr at room temperature, and
samples were centrifuged at 100,000 g for 2 hr at 20C. Supernatant and
pellet fractions were collected and analyzed using Coomassie stained SDS-
PAGE gels.
Isothermal Titration Calorimetry
ITC experiments were conducted using a VP-ITC microcalorimeter (Microcal)
at 20C. Prior to each experiment, WH2 peptides and mutant actin were sub-
jected to gel filtration chromatography to exchange them into KMEI buffer
supplemented with 0.2 mM ATP. In each experiment, 100 mM of WH2 pep-
tide was titrated into 10 mM actin in KMEI supplemented with 0.2 mM ATP.
Data were analyzed and fit to a single-site model using Origin 7 for ITC
(Microcal).
Individual Filament Growth Assay
Rabbit muscle actin was purified as previously described (Leung et al., 2006).
Rabbit actin (10 ml of 40 mM in G-buffer without sodium azide and without
DTT) was polymerized by dialysis overnight in KMEI supplemented with
0.2 mM ATP. With gentle stirring, a 5-fold molar excess of Oregon green
C5-maleimide in DMSO was added, and labeling was allowed to proceed
overnight in the dark at 4C. This reaction was then dialyzed against 2 l of
G-buffer for 3 days, clarified by centrifugation and purified by gel filtration
column (Superdex 200 pg 26/600, GE Healthcare). Fluorescently labeled actin
seeds were prepared by adding 0.6 mM AlexaFluor 546-phalloidin (A22236,
Life Technologies) to a 4 mM solution of rabbit actin in KMEI in a final volume of
200 ml. Polymerization was allowed to proceed for 2 hr. Reactions to be
imaged by TIRF microscopy were prepared with 0.5 mM unlabeled rabbit
actin, 0.15 mM Oregon green-labeled actin, 10 ml of phalloidin seed stock,
and either 0 nM, 25 nM, or 65 nM purified mutant actin in G-Mg buffer
(2 mM TrisHCl [pH 8.0], 0.2 mM ATP, 1 mM MgCl2) in a final volume of
200 ml. Seed growth was initiated by addition of 20 ml 103 KMEI to 180 ml of
the aforementioned mixture. Reactions were allowed to proceed for 10 min,
at which time they were diluted 1:200 in TIRF buffer (KMEI supplemented
with 15 mM glucose, 100 mg/ml glucose oxidase, 20 mg/ml catalase). Diluted
filaments were imaged in flow cells, the assembly, NEM-myosin coating, and
loading of which is previously described (Hung et al., 2011). Filaments were
imaged using an Olympus IX-71 fitted with an Olympus TIRF arm, a PlanApo
1003 oil objective (n.a. 1.45), and a Photometrics Cascade II:512 EMCCD
camera. The microscope was run using Micro-Manager (Vale lab). Dual-color
imaging was done by switching between excitation lasers using shutters and
was filtered using a dual-color filter cube (Semrock). Pixel size was calibrated
with a micrometer. Exposure times were kept constant between conditions.
All images were processed in NIH ImageJ using a Gaussian filter to reduce
shot noise and were background subtracted. Filament lengths were quantified
by total pixel number after simple thresholding, conversion to binary, and
using the skeletonize function. 75–200 individual filament lengths were quan-
tified for each condition.
Circular Dichroism
VopL heterodimers (wild-type and mutant) were purified as described above
but purified by gel filtration into 50 mM sodium phosphate (pH 8.0), 100 mM
sodium chloride, and 1 mM TCEP. 0.1 mg/ml samples were placed into
1 mm pathlength quartz cuvettes, and CD signal was measured at 220 nm
as temperature was raised from 25 to 90C in 2 increments. Temperature
was allowed to stabilize for 10 s before measuring CD signal, and CD signal
was averaged for 32 s. Data were fit to a six-parameter sigmoid, and Tm
reported was the inflection point of the melting transition.
Molecular Modeling
The VopL WH2c motif (Protein Data Bank [PDB] ID 3M1F) (Rebowski et al.,
2010) was modeled onto the VCD structure using Pymol (The PyMOL Molec-
ular Graphics System, Version 1.5.0.4, Schro¨dinger) by superimposing actins
in the WH2-actin and VCD-actin complexes. Actin-actin rotation axes in the
VCD complex were determined by aligning successive actins to each other
in QtMG30 (Potterton et al., 2002) using the ‘‘Superpose’’ tool.ACCESSION NUMBERS
The Protein Data Bank (PDB) accession number for the VCD-actin crystal
structure reported in this paper is 4M63.SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures and two tables and can be
found with this article online at http://dx.doi.org/10.1016/j.cell.2013.09.019.
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